We report a benchmark experiment that demonstrates shortening of hard x-ray pulses in a synchrotron-based optical pump -x-ray probe experiment. The pulse shortening device, a picosecond Bragg switch, reduces the temporal resolution of an incident x-ray pulse to 7.5 ps. We employ the Bragg switch to monitor propagating sound waves in nanometer-thin epitaxial films. With the experimental data we infer pulse duration, diffraction efficiency and switching contrast of the device. A detailed efficiency analysis shows, that the switch can deliver up to 10 10 photons/sec in high-repetition rate synchrotron experiments.
I. INTRODUCTION
Currently, users in the synchrotron community with interest in x-ray pulses with sub-100 ps duration face a changing landscape of facilities. Conditions for timeresolved experiments have significantly improved by xray Free Electron Lasers (xFELs), which provide ultrashort hard x-ray pulses with unprecedented brilliance 1 . Alternative sources for femtosecond hard x-ray pulses are femtoslicing beamlines at APS 2 and SLS 3, 4 and the new FemtoMax facility at MAXIV 5 . X-ray pulses with few picosecond duration are generated in 3rd generation storage rings using a low charge filling mode, the so-called low α mode 6 . This mode reduces the total photon flux due to the low filling charge and is therefore only offered a few weeks per year. In the near future the BESSY II sychrotron will provide a permanent improved low α mode after installation of additional RF cavities in the storage ring 7 .
In parallel to the commissioning of xFELs and alternative short pulse sources, many existing sychrotrons are being updated to 4 th generation low emittance storage rings 8 . While low emittance provides better focusing properties and higher beam coherence, the temporal structure, i.e., pulse duration and pulse repetition rate are significantly less favorable for time-resolved experiments. Opportunities for time-resolved experiments at new diffraction limited synchrotron radiation facilities are intensively discussed within the community.
In this article we present a new device that allows to shorten hard x-ray pulses emitted from a synchrotron storage rings down to few picoseconds. The device is demonstrated in a synchrotron-based optical pump -xray probe experiment to measure propagation of sound waves in epitaxial nanometer thin films. We discuss important quality parameters, e.g., switching contrast and a) Electronic mail: pgaal@physnet.uni-hamburg.de angle-and time-dependent diffraction efficiency to determine absolute pulse duration and photon efficiency of the shortened pulse. Based on our experimental results we show that the switch can be operated at repetition rates of up to 1 MHz and delivers pulses of 5-10 ps duration. The device tolerates a limited relative bandwidth of up to ∆E/E 0 = 0.2%. At the ID09 beamline at the European Synchrotron Radiation Facility (ESRF), where our benchmark experiment was performed, the Pi-coSwitch can deliver a total flux of up to 10 9 or 10 10 photons/sec. In the following we give a brief introduction of the working principle of the device, which we call the PicoSwitch. A more comprehensive description can be found elsewhere 9 .
The layout of the pulse shortening benchmark experiment is shown in Figure 1 a). Unlike conventional pumpprobe experiments we employ two optical pump beams from the same laser source, one to trigger the PicoSwitch, the other to excite a sample. The time delay of the first excitation is selected such that the PicoSwitch diffracts incident photons while the maximum intensity of the long synchrotron x-ray pulse is present. Thus, only a temporal slice of the maximum intensity is diffracted from the PicoSwitch, while other parts of the x-ray pulse are suppressed. The shortened x-ray pulse impinges the sample and is employed to probe dynamics induced by the second optical pump pulse. The relative pump-probe delay between the optical excitation of the sample and the shortened x-ray is controlled by a motorized delay stage to record the transient sample dynamics up to a pumpprobe delay of 2 ns.
The PicoSwitch structure is shown in the top part of Figure 1 b) and consists of two thin films grown by pulsed laser deposition (PLD) on a dieelectric substrate 10 . The top layer is composed of a transparent dielectric. The bottom layer is an opaque metal that acts as a thermoelastic transducer upon optical excitation. We underline that several material combinations may be used to build a PicoSwitch device. Here, we resort to a arXiv:1812.07899v1 [cond-mat.mtrl-sci] 19 Dec 2018 We calculate the impact of laser-generated strain waves on the angular diffraction efficiency of the PicoSwitch. Results are shown in Figure 1 c) for pump-probe delays of 0 ps, 5 ps, and 15 ps 11 . Comparing the transient strain in the structure to calculated time-dependent x-ray diffrac-tion (XRD) images we find that the propagating sound wave shifts the diffraction efficiency of the transparent top layer to higher diffraction angles and back to the initial position on a picosecond timescale. The angular region is marked in gray in Figure 1 a) .
An important quality parameter of the PicoSwitch is the switching contrast, which describes supression of incident x-ray photons during the off-state of the switch. The diffraction efficiency is at a low level η 0 before the arrival of the optical pump pulse. Upon laser excitation the diffraction efficiency mounts to the high level η on for a switching time ∆T , which is determined by the propagation of strain waves in the structure. After the coherent strain waves have propagated away from the thin films into the substrate, the diffraction efficiency falls back to its initial value η ∞ ≈ η on . We define the the switching contrast with the following expression 12
c sw basically has the same value before and after switching is turned on and off, respectively. This is a significant improvement compared to earlier designs of the Pi-coSwitch, where the final contrast c sw,∞ was strongly reduced by laser heating of the structure 13 . Weather introducing the PicoSwitch results in high temporal resolution or not depends on the ration of the pulse area of the original and the shortened pulse, respectively. Therefore we define the total contrast as the product of switching contrast and area loss factor, i.e., the ratio of the normalized pulse area of original and shortened pulse:
and I sw (t), I sw,max ,Ĩ(t) andĨ m denote timedependent and maximum intensity of the shortened and original x-ray pulse, respectively. WhileĨ(t) can be easily measured with the PicoSwitch 12 , I sw is deduced from model calculations as shown below.
The pulse shortening capability is demonstrated in Figure 1 d) which shows a step-like decrease of the diffraction efficiency upon optical excitation. The sample and physical origin of the sudden intensity change are discussed in the next paragraphs. For now, we highlight the influence of the duration of the probe pulse on the measured dynamics. Figure 1 d) clearly shows a dramatic increase of the temporal resolution in the measurement that employs a PicoSwitch. The temporal shape of the corresponding probe pulse is shown in Figure 1 e ). The original, long synchrotron pulse has been measured using a fast sampling method 12 , which yields a full width at half maximum (FWHM) pulse duration of 120 ps. We also clearly recognize the expected asymmetric pulse shape. The shortened pulse was derived from simulations and crosschecked by comparrison with experimental data, which is shown in the red dashed line in Figure 1 d) .
Now we discuss the experimental capabilities of the Pi-coSwitch pulse shortening scheme in a real synchrotronbased pump-probe experiment. The sample is composed of a similar structure as the PicoSwitch itself, i.e., a thin film system composed of a transparent dieelectric LAO top layer with a thickness of 104 nm on a metallic LSMO layer with a thickness of 93 nm. The stack is grown on a NGO substrate. Note that the film thicknesses of the sample and the PicoSwitch are different, which results in slightly different propagation times of the coherent sound wave through the respective structure.
Lattice dynamics measured by time-resolved XRD of the metallic LSMO and dieelectric LAO layers are shown in Figure 2 a) and b), respectively. Experiments were performed at an x-ray photon energy of 14.85 keV on the (002) lattice planes in symmetric ω-2θ geometry. Sample and PicoSwitch were excited with an optical fluence of 30 mJ/cm 2 . We performed simulations of coherent acoustic phonon propagation in the sample using a onedimensional linear chain model of masses and springs 14 . The simulation yields a two-dimensional map of lattice strain vs. pump-probe delay along the out-of-plane spatial axis in the sample as shown in Figure 1 b ). From the spatiotemporal strain map we calculate transient XRD curves using dynamical diffraction theory 11, 15 . Finally, we convolute the XRD simulation with the simulated xray probe pulse after reflection from the PicoSwitch. The FWHM pulse duration of the shortened pulse is approximately 7.5 ps and the pulse is shown in Figure 1 d) . Comparing the colorplots shown in figure 2 a) and c) as well as b), d) we find excellent agreement of the simulated pump-probe experiment with experimental data. In particular, we observe a step-like drop of the LSMO peak intensity at ω = 12.34 • [black dashed line and black bullets Figure 1 g) ]. A delay scan at this incidence angle is shown in Figure 1 d The dynamic features observed at the LSMO peak are well understood by simulations of thermal expansion and coherent phonon generation and propagation 14 . The initial shift of the LSMO reflex stems from thermal expansion while the second peak distortion originates from the coherent sound wave that is back reflected at the sam- ple surface 9 . Having determined the sample geometry by static XRD and ellipsometry measurements, we adjust the simulated dynamics via the sound velocity in LSMO and LAO, respectively, to the experimental data. The result agrees well with values reported by other groups 16, 17 . For comparison, a similar experiment reported earlier by our group yielded 20% higher sound velocities due to insufficient temporal and angular resolution of our XRD setup 9 . As depicted in Figure 2 a), we also observe a significant broadening of the LSMO peak after optical excitation. Within the time delay covered in the experiment, thermal transport and heat equilibration does not lead to a significant strain equilibration within the two layers. Hence, due to the high temporal resolution provided by the PicoSwitch and due to the high angular resolution provided by the synchrotron, the initial excitation profile due to absorption of the laser pulse is resolved. The data yields an exponential decay of the strain in the excited LSMO layer with a decay constant of 55 nm −1 .
Finally, we discuss the photon flux in the shortened x-ray pulse to gauge the efficiency of the PicoSwitch: by comparing the integral pulse areas of the original and shortened probe pulses shown in Figure 1 e) , we find an Area Loss Factor ALF =11.34. The total intensity loss must also account for the finite diffraction η on of 2 · 10 −3 . We find a total efficiency of 1.8 · 10 −4 . Our measurement was performed with the U17 undulator at ID09 ESRF which delivers 2 · 10 7 photons/pulse at an energy of E 0 = 14.85 keV, a bunch current of 5 mA and a relative bandwith of ∆E/E 0 = 0.014%. With the above considerations, the photon flux reduces to 3.6 · 10 3 photons/pulse, where 90% of these photons are concentrated within a 7.5 ps pulse (FWHM). The calculated initial, final and total contrast is shown in Figure 3 a) for a monochromatic x-ray pulse. For experiments which tolerate a higher relative bandwidth the number of photons can be increased almost linearly with the relative bandwidth ∆E/E 0 . However, the switching contrast decreases, if the relative bandwidth is too large. The effect of a finite total contrast is demonstrated in Figure 3 b) which depicts again the sampling of the LSMO peak (black dashed line) with a probe pulse with 7.5 ps (FWHM) and a contrast of 2.93 (red solid line) and 1.35 (blue solid line), respectively. The simulated probe pulses are shown in Figure 3 c) . Clearly increasing the bandwidth of the x-ray probe pulse yields a higher photon flux. However, it goes hand in hand with a decreased switching contrast. Therefore, total contrast and inten-sity of the PicoSwitch probe pulse are related quantities, which allow for adaption to specific experimental requirements. Another parameter for optimizing the experiment and the x-ray flux is to increase the repetition frequency of the PicoSwitch. A successful implementation of the PicoSwitch at a repetition rate of 208 kHz was already presented 9 and operation even above 1 MHz has been tested successfully. Assuming the PicoSwitch is operated at the orbit roundtrip frequncy of ESRF at 354 kHz, the experimentally derived parameters from the measurement shown in Figure 2 , yield a total x-ray flux of 1.2 · 10 9 photons/sec.
In conclusion, we have demonstrated the feasibility of pulse shortening with fast photoacoustic Bragg switches for synchrotorn-based pump-probe experiments. Our device, which we call the PicoSwitch shortens an incident hard x-ray pulse to a duration of 7.5 ps (FWHM). We have defined and quantified relevant parameters for the pulse duration, efficiency and switching contrast of the PicoSwitch. Even with the rather low efficiency of a 1 kHz setup, our experiment monitors structural dynamics due to propagating sound waves in thin epitaxial films. In an optimized setup with repetition rates up to 1 MHz and a bandwidth of the x-ray pusle of 0.2%, the Pi-coSwitch would deliver a flux of up to 10 10 photons/sec. The PicoSwitch is a powerful option for introducing high temporal resolution on a beamline level in synchrotronbased experiments. It may become a valuable tool for time-resolved experiments in current and future largescale radiation facilities.
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